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It is a commonly held belief that exercise (one method of inducing an energy deficit) causes a compensation in energy intake to match the exercise-induced energy expenditure. This could possibly lead to the belief that exercise is not a useful method of weight loss which could then be used as an excuse not to exercise. However, there is no compelling evidence to suggest that exercise drives hunger and energy intake to cause a compensation in food intake. Indeed, the evidence suggests interventions in energy expenditure are not compensated for by changes in energy intake at least in the short-term (see King et al. 19976 for a review). This suggests only weak short-term coupling between energy expenditure and energy intake. However, since the negative energy balance could not continue indefinitely an equilibrium of energy intake and energy expenditure must occur at some stage. The exact time course (and mechanism) of such a compensatory change in energy intake is not yet known. A 'delayed' compensatory response to physical activity has been suggested (Edholm et al. 1955; Edholm, 1977) , but this phenomenon has never been replicated.
One other issue concerns the effects of exercise on changes in food selection or food preferences. Another widely held belief is that exercise induces an increase in the selection of carbohydrates. The evidence for a short-term effect is not convincing, but in the long-term carbohydrate intake does increase with prolonged exercise (Wood et al. 1982) . This effect could be biologically driven or occur as a result of changes of a psychological nature. At the present time some effects of exercise on appetite are clear whereas other aspects require more research. The interactions are likely to involve both physiological and psychological processes. With the renewed interest in physical activity for body weight control, it becomes increasingly important to understand more fully the effects of exercise on the control of appetite .
Exercise and the expression of appetite
A number of possible feeding responses to increased physical activity can be envisaged. First, an increase in food intake such that there is a compensatory rise in energy intake which could fully or partially match the energy expended. Second, a suppression of food intake, the socalled exercise-induced anorexia. Third, an alteration in food preference or (macronutrient) selection. Thus, exercise may potentially affect various aspects of eating patterns, including meal size, frequency of eating episodes, food choice and nutrient intake. The mechanism involved in these responses could be either physiologically-or psychologically-induced (or a combination of both).
Only a few investigations have been carried out to examine the relationship between exercise and food intake (for review, see King et al. 19976) , but there are many factors that could potentially influence the food intake response to exercise (see Table 1 ). The establishment of robust relationships between exercise and appetite is hindered by methodological problems with measuring food intake in human subjects. One problem is the considerable difficulty involved in accurately measuring food intake, especially in free-living circumstances using self-record food diaries (Prentice et al. 1986; Bandini el al. 1990 Livingstone et al. 1990 ). The errors in this procedure may mask any true exercise-induced changes in energy intake. Many studies reporting the effects of exercise on food intake have been conducted primarily to assess the capacity of exercise to induce changes in body weight and body composition, with food intake assessed only as an incidental measure. Using body weight as a predictor of the effects of exercise on energy intake can be misleading, especially since exercise has been reported to have varying effects on fat-free mass and fat mass (Leon et al. 1979; Despres et al. 1985; Tremblay et al. 1985; Nieman et al. 1990) . In order to assess accurately the effects of exercise on food intake, the measurement should be made directly rather than estimated.
Is there a coupling between activity-induced energy expenditure and energy intake?
A traditional view of this issue is based on the premise that energy balance is regulated. Thus, an increase in energy expenditure will lead to an obligatory compensatory rise in energy intake. However, this view must be supported by experimental evidence.
Short-term interactions
It is a common sense view that exercise generates an increase in hunger and a drive to eat. It is also a truism that refraining from eating prevents energy entering the biological system, whilst doing physical activity causes energy to leave the system. At a given time, therefore, failing to eat (when a meal is usually taken) or doing exercise (when it normally would not have been done) should each create a net negative energy balance. There are many examples in the literature of food restriction (skipping of a meal) or an energy differential (between two meals of different sizes) giving rise to hunger and increased food intake (Lawton et al. 1993; Green et al. 1994; Delargy et al. 1995) . The response to this type of energy deficit appears logical and is well accepted. The relationship between exercise-induced energy deficits and food consumption has been subjected to much scrutiny, and the evidence suggests that there is no increase in hunger or energy intake as a result of an exercise-induced energy deficit (Reger et al. 1986; Reger & Alison, 1987; Thompson et al. 1988; Kissileff et al. 1990; King et al. 1994; King & Blundell, 1995) . To our knowledge only one study has created energy deficits using both methods (food deprivation and exercise-induced) in a single study using the same individuals (Hubert el al. 1997 ). This study confirmed that the energy deficit created by food deprivation (meal omission) significantly increased hunger (see Fig. 1 ) and energy intake, whereas the exercise-induced energy deficit did not. This finding suggests that the effects of food deprivation are quite different from the effects of a bout of exercise, and that there appears to be a weak shortterm coupling between exercise-induced energy expenditure and energy intake.
In contrast to the idea that a compensatory rise in hunger should follow exercise, many studies have shown that following a bout of intense exercise (> 60 % maximum O2 uptake) hunger is actually suppressed (Reger et al. 1986; Reger & Alison, 1987; Thompson et al. 1988; Kissileff et al. 1990; King et al. 1994; King & Blundell, 1995) . However, this suppression of hunger is rather short-lived (see Fig. 2) there appears to be no enduring effect on food intake. This phenomenon is now referred to as exerciseinduced anorexia (King et al. 1994) . With more-severe and longer-term physical activity the reduction in the drive to eat may be more persistent (Milon et al. 1996) . Since food intake is unaffected by the exercise in the majority of short-term studies the authors have concluded that exercise does not affect energy intake. However, in most of these studies the energy cost of the exercise was not taken into account, hence the results have been interpreted to mean that exercise is not a useful modulator of energy balance (because intake is not adjusted). If the energy cost of the exercise is accounted for, the 'relative energy intake' can be calculated (energy intakeenergy expended).
When this calculation is made exercise does give rise to an overall energy deficit (but this depends on the energy density of the food consumed). Hence, it is important to examine the effects of exercise in respect to 'absolute' energy intake and 'relative' energy intake.
Overall, the evidence points to a rather weak coupling between energy intake and energy expenditure. It could be argued that the exercise (a single bout) in the previously described studies is too small to have any marked effect. However, even with two intense exercise sessions in the same day (combined net cost approximately 4.5 MJ), hunger and energy intake are unaffected on the day of, and the day immediately after, exercise, compared with days of no exercise (King et a2. 1997~) . It is also possible that some studies do not track energy intake for long enough during or after the exercise intervention and consequently m i s s any compensatory effect. The classic work frequently referred to is that of Edholm et al. (1955) . It was demonstrated that although there was no relationship between energy expenditure and energy intake on the same day, there was a positive relationship between energy expenditure on 1 d and energy intake 2 d later. This led Edholm (1977) to remark that 'We do not eat for today but for the day before yesterday'. Despite subsequent attempts the same authors failed to replicate this finding (Edholm, 1977) . Therefore, this lag of 2 d between energy expenditure and energy intake is somewhat isolated and has been criticized (Durnin, 1961) . In fact, this phenomenon of a delayed compensatory response has recently been subjected to detailed scrutiny (de Castro, 1997) , again resulting in a failure to find any relationship between energy expenditure on I d and energy intake on subsequent days. In further attempts to investigate this phenomenon, we have recently accurately tracked food intake for 3 d after a high dose of exercise (net cost approximately 5MJ) and found no 'delayed' compensation in energy intake (see Fig. 3 ) and no relationship between exercise-induced energy expenditure and energy intake (NA King, unpublished results) . Indeed, individuals appeared to eat to a particular level which was unaffected by days of lower activity (rest days) and 1 d of very high activity (two substantial periods of exercise). Why does a reduction in physical activity not downregulate energy intake? Recent findings have confirmed that energy intake remains at some stable preferred level even when energy expenditure is manipulated. In two separate studies (using two separate sets of individuals), in which identical ad libitum diets were fed, energy expenditure and energy intake were measured either in a free-living environment (Stubbs et al. 1995b) or in a whole body calorimeter (Stubbs et al. 1995~) . Subjects ate virtually identical amounts in both situations, despite the energy expenditures being substantially different (difference between free-living active lifestyle and enforced sedation in the calorimeter). It should be kept in mind that these deductions were not based on a within-subjects single experiment, but were made on the basis of separate outcomes from two independent studies. Nevertheless, it is apparent that hunger and the pattern of eating are not closely related to perturbations in energy expenditure induced by large adjustments in physical activity. It is obvious that a lack of coupling between energy expenditure and energy intake cannot continue indefinitely. Eventually, a new balance must be achieved between intake and expenditure if weight is stabilized. At some stage, therefore, energy intake must increase to compensate for the exercise-induced energy deficit. However, under extreme circumstances (endurance exploring or swimming), in some situations individuals can sustain a negative energy balance (on average between 2 and 7 MJ/d) for up to 48 (Stroud et al. 1993) or 55 (Milon et al. 1996) 
Individuals appear to eat within certain limits that are controlled partly by pre-absorptive physiological responses and partly by social convention. The pattern of eating appears to be fairly resistant to some gross changes in energy expenditure and metabolism. Perhaps the body does not possess an automatic, rapidly-acting mechanism which matches energy intake to a calculated positive or negative energy balance. This relationship between activity-induced energy expenditure and food intake may have to be learned. Indeed, using the Tour de France cyclists as an example, it is clear that some behavioural adaptations do occur (Westerterp et al. 1986 ), because in these individuals there is a tight regulation between energy expenditure and energy intake. However, it is worth noting that these individuals are aware that if energy intake is insufficient, performance will be impaired. Thus, individuals engaged in regular heavy physical activity may eat both in anticipation of future energy requirements and in response to energy expended. Hence, under these circumstances the exerciseinduced changes probably result from a combination of metabolic and behavioural factors. In the short term, there is probably insufficient opportunity to increase energy intake due to a combination of physiological limitations and social convention. Recently, Hill et al. (1995) suggested that a period of transition (disruption) takes place before any new steady state is reached. The period of imbalance is probably caused by a combination of behavioural and physiological responses.
Long-term interactions
In general, most studies support the view that there is little indication of complete compensation in energy intake in response to increased levels of physical activity (Dempsey , 1964; Leon et al. 1979; Woo et al. 1982a,b; Dickson-Parnell & Zeichner, 1985; McGowan et al. 1986; Tagliaferro et al. 1986; Anderson et al. 1991) . However, some studies have reported a compensatory increase (Passmore et al. 1952; Durrant et al. 1982; Wood et al. 1982; Woo & Pi-Sunyer, 1985) . The absence of a compensatory increase in energy intake in response to increases in exercise may be counterintuitive, especially when cross-sectional data suggest a positive relationship between energy expenditure and energy intake (Blair et al. 1981; Tremblay et al. 1983; Reggiani et al. 1984; Maughan et al. 1989; Broeder et al. 1992) . It is likely that a tight coupling between energy intake and energy expenditure only exists at very high levels of physical activity. In physically-active individuals, therefore, there is a higher energy 'flux'. As noted earlier, this persistent high level of physical activity is likely to entrain a higher energy intake.
Does the energy (and nutrient) demand created by exercise stimulate a drive for a particular macronutrient?
The natural hypothesis would be that energy reserves utilized most severely during exercise (e.g. glycogen) would stimulate a drive for a particular nutrient (e.g. carbohydrate). However, for such a mechanism to exist a physiological signal reflecting glycogen depletion or carbohydrate oxidation must first be generated and second be detected. This biological process then has to manifest itself in the form of eating behaviour. One of the oldest problems in physiological psychology concerns the mechanisms by which physiological needs are translated into behaviour (Blundell, 1975) . It has been suggested that energy-intake responses are more sensitive to fluctuations in carbohydrate balance than fat balance, due to the large differences in the magnitude of the body's storage capacity for each of these two macronutrients (Hatt, 1987) . It can be hypothesized that since exercise will alter the storage and oxidation status of fat and carbohydrate (depending on exercise intensity and duration), then exercise has the potential to influence the intake of both these macronutrients. On the basis of a simple depletion hypothesis, individuals would be expected to replace the substrate predominantly utilized during exercise. It follows that exercise-induced changes in food selection would be associated with the substrate mix oxidized during exercise; this in turn being influenced by the intensity and duration of the exercise session. This phenomenon of a physiologically-induced drive to increase carbohydrate selection after exercise also originates from anecdotal evidence that athletes consume diets high in carbohydrate in order to maintain a high level of glycogen stores (Hultman & Bergstrom, 1967; Kinvan et al. 1988) . Animal studies (natt, 1987) suggest that the RQ generated during exercise will influence the food quotient (RQ of food consumed) of the food chosen. Does this process also work in human subjects operating under restricting experimental protocols, or under natural circumstances free of any protocol? Does food quotient match RQ? This phenomenon is based on the concept that physiological changes will have a strong influence on food selection (i.e. a strong coupling between physiology and behaviour), and ignores the possibility that food choice can also be strongly influenced by environmental contingencies and psychological determinants (Blundell, 1991) . It could be argued that food choice is mainly determined by subjective preferences which have built up over the years, and may be resistant to short-term perturbations in exercise-induced metabolic alterations. This could be why studies have failed to show that exercise has any short-term effect on carbohydrate intake (Reger et al. 1986; Thompson et al. 1988; King et al. 1994; Tremblay et al. 1994; King & Blundell, 1995) , with one exception (Verger et al. 1992) . In light of the recent suggestion that a period of transition must occur before interventions in physical activity have any profound effect on energy and nutrient intake (Hill el al. 1995) , short-term studies are unlikely to detect any close coupling. However, it is possible that an increase in carbohydrate intake would take place in the long term. Indeed, there is evidence to suggest that carbohydrate intake does increase in response to prolonged physical activity (Wood et al. 1982) . This increase in carbohydrate intake is probably as a result of a combination of physiological and psychological responses. In other words, exercise creates a disposition to seek carbohydrate but this is enhanced by conscious recognition that a high carbohydrate intake will be beneficial.
Exercise and cognitive factors
Recently it has been speculated that psychological factors (e.g. concerning the tendency to diet) could have a significant influence on the food intake response to exercise (Hill et al. 1995) . Those tendencies can be measured by validated psychometric scales (e.g. three factor eating questionnaire ; Stunkard & Messick, 1985) and allow individuals to be evaluated on factors such as dietary restraint (inhibition of eating) and disinhibition (tendency to give in to eating). It has been suggested that an individual's 'cognitive approach to eating and dieting' would influence the eating response to exercise (Hill et al. 1995) . Of course, when faced with a challenge such as exercise, individuals do have different objectives including a wish to lose weight or to improve athletic performance. Given that people are capable of altering their eating behaviour to meet particular objectives (Blundell & King, 1996) , the deliberate control over food intake with respect to exercise should not be ignored. Although very little work has been done on this issue, it has been demonstrated that dietary-restrained women do not alter their eating behaviour after a period of intense exercise (Lluch et al. 1997 ); a response that is similar to that of a group of unrestrained females (King et al. 1996) . This is in line with predictions of Hill et al. (1995) that energy intake would be unresponsive to exercise in a group of non-dieting restrained eaters.
Although exercise failed to have any effect on energy intake in either the unrestrained or restrained females in these two studies, further analysis of the combined data (Lluch et al. 1998 ) revealed a very interesting relationship between dietary restraint and food intake. There was a significant positive relationship ( r 0-54) between dietary restraint and energy intake following a period of no exercise (rest period), but not after a bout of exercise (see Fig. 4(a and b) ). This suggests that energy intake is significantly influenced by the degree of dietary restraint in the absence of exercise only. Thus, following a period of exercise energy intake appears to be 'deliberately' controlled, whereas in the absence of exercise (i.e. following a period of rest) this 'deliberate' control is relaxed and energy intake increases. These data indicate that there is much to be learned from further investigations of the relationship between cognitions and exercise.
It should be kept in mind, therefore, that following exercise the deliberate and volitional control over eating behaviour could have a significant influence. In turn, this would obviously override any potential physiological coupling between energy expenditure and energy intake. One example of this is the individual who feels the desire to reward him/herself following an exercise session by consuming foods that would normally be considered 'forbidden' (probably very palatable and with high energy density). One phenomenon that has recently been confirmed is that selecting high-fat (energy dense) foods after exercise will completely reverse the negative energy balance created by exercise (Tremblay et al. 1994; King & Blundell, 1995; King et al. 1996) . Thus, exercise does not permit people to abandon any restraint over eating, and to freely indulge the available foods. If individuals do reward themselves after exercise by selecting high-energy-density foods, this obviously jeopardizes the beneficial effects (negative energy balance) of exercise.
Conclusion
Despite the commonly-held belief that the energy demand created by exercise automatically generates a drive to eat, the evidence for this is weak. Indeed, the argument formed on the basis of experimental outcomes is counterintuitive. Overall, there is no compelling evidence to suggest that the energy deficit created by exercise leads to a compensatory increase in energy intake. Rather the evidence suggests that there is a weak short-term coupling between energy expenditure and energy intake, probably because the behavioural acts of food intake are held in place by environmental contingencies and rapidly-acting short-term post-ingestive physiological responses arising from eating itself. Even in the long term, most of the evidence suggests that energy intake is relatively immune to the metabolic effects generated by physical activity. However under normal circumstances, this lack of coupling cannot continue indefinitely and at some stage a regulatory mechanism must 'kick-in' to prevent a continuing energy deficit. Part of this regulatory process could involve a tendency for food quotient to follow RQ. However, the physiological and psychobiological threshold that has to be reached before energy intake begins to rise or changes in food choice occur has yet to be determined. This weak coupling between energy expenditure and intake has positive implications for the use of physical activity in weight loss or weight maintenance. However, the positive effects do depend on the capacity to maintain compliance over two forms of behaviour. First, compliance over eating behaviour to guard against over-indulgence (particularly on high-energy-density or high-fat foods), and, second, compliance over the exercise regimen itself.
